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Cell-Cell Affinity of Senescent Human Erythrocytes
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Department of Physiology and Biophysics, Keck School of Medicine, University of Southern California, Los Angeles, California 90033 USA

ABSTRACT During their 120-day life span, human red blood cells (RBC) undergo several physicochemical changes,
including an increased tendency to aggregate in plasma or polymer solutions. This study was designed to examine potential
associations between age-related differences in RBC mobility, aggregation, and membrane glycocalyx properties for cells
suspended in buffer and in 3 g/dl solutions of 70.3 kDa dextran. A recent model for depletion-mediated RBC aggregation was
employed to calculate the changes of glycocalyx properties that were consistent with experimental electrophoretic mobility
(EPM) and aggregation data. Young and old cells were obtained by density separation, after which aggregation and EPM were
determined versus ionic strength; old cells exhibited a two- to threefold greater aggregation in dextran. EPM of old cells was
identical to young cells in polymer-free media yet was 4% greater in dextran. The greater EPM for old RBC indicates a larger
polymer depletion layer, which could be explained either by a 10–15% decrease of their glycocalyx thickness or a similar
percentage decrease of polymer penetration into their glycocalyx. The larger depletion layer leads to markedly elevated cell-cell
affinities for old cells, with the computed affinity increases consistent with enhanced old RBC aggregation. These results
provide a rational explanation for the aggregation and EPM behavior of old RBC, and raise the possibility of depletion-mediated
interactions contributing to senescent cell removal from the circulation.

INTRODUCTION

The physicochemical changes associated with red blood

cell (RBC) in vivo aging have been of interest for several

decades, since understanding senescence of RBC should

provide insight into cellular aging and the mechanism re-

sponsible for senescent cell clearance. Several reviews have

summarized the ongoing work in the area of RBC aging and

senescence (Berlin and Berk, 1975; Bratosin et al., 1998;

Clark, 1988). Human RBC have a life span of ;120 days

after which they are removed from the circulation (Berlin

and Berk, 1975). The mechanisms responsible for clearance

have not yet been fully defined, but are thought to relate, in

part, to the appearance of age-associated receptors on the cell

surface (Lutz, 1987; Tartakover-Matalon et al., 2000). Note

that during in vivo aging there is an increase of cytoplasmic

hemoglobin concentration and cell density (Linderkamp

et al., 1983; Muller et al., 1992), and thus increased cell

density corresponds to increased cell age (Berlin and Berk,

1975; Clark, 1988).

The effects of in vivo cell age on RBC-RBC interactions,

and hence on their tendency to form reversible aggregates,

have been previously studied. Nordt (1983) appears to be the

first to report the effects of cell age on RBC aggregation, with

several later investigations confirming his observations

(Meiselman, 1993; Nash et al., 1987; Sowemimo-Coker

et al., 1989; Whittingstall and Meiselman, 1991). In brief, it

has been shown that when density-separated RBC are sus-

pended in either autologous plasma or in various polymer

solutions (e.g., dextran, polyvinylpyrrolidone), the denser

cells exhibit significantly greater aggregation than the lighter

cells. Efforts to date to provide a rational explanation for

these age-associated differences in RBC aggregation have

been unsuccessful: 1), reducing the volume of least-dense

RBC to that of the densest cells only minimally affects

aggregation, thus excluding an influence of cell size (Nash

et al., 1987); 2), denser RBC are known to have increased

levels of membrane-bound immunoglobulin G (Bratosin

et al., 1998), yet nonenzymatic removal of immunoglobulin

G does not alter the density-associated aggregation differ-

ence (Whittingstall and Meiselman, 1991); and 3), enzymatic

treatment to remove membrane-associated sialic acid also

fails to affect this difference (Nash et al., 1987).

The effects of cell age on RBC electrophoretic behavior

have also been previously studied. Early reports indicated

decreased electrophoretic mobility with increased density

and hence with increased cell age (Yaari, 1969). Such

findings were consistent with reduced electrostatic repulsion

as an explanation for the increased RBC aggregation and the

clearance of senescent RBC by phagocytosis. Later reports

have failed to support these observations, and rather indicate

no difference in the electrophoretic mobility of young and

old human RBC when these cells are suspended in simple

salt solutions (Luner et al., 1977; Meiselman et al., 1999;

Seaman et al., 1977). However, mobility differences do exist

for cells in either autologous plasma or in high molecular

weight dextran solutions; denser human RBC exhibit

significantly greater mobilities than less-dense cells in such

media (Meiselman, 1993; Sowemimo-Coker et al., 1989;

Walter and Widen, 1994).

This study was designed to examine potential associations

between age-related differences in: 1), RBC electrophoretic

Submitted October 30, 2002, and accepted for publication February 27,

2003.

Address reprint requests to Dr. Björn Neu, Dept. of Physiology and

Biophysics, Keck School of Medicine, 1333 San Pablo St., MMR 626, Los

Angeles, CA 90033. Tel.: 323-442-1267; Fax: 323-442-1617; E-mail:

neu@usc.edu.

Samuel O. Sowemimo-Coker’s present address is Pall Life Sciences, Port

Washington, NY.

� 2003 by the Biophysical Society

0006-3495/03/07/75/10 $2.00



mobility; 2), RBC membrane glycocalyx physical properties;

and 3), RBC aggregation due to a reduced polymer

concentration near the surface of the cell (i.e., depletion-

mediated RBC aggregation). In particular, we have em-

ployed our recently developed model for this type of red

blood cell aggregation (Neu and Meiselman, 2002) in an

effort to determine the changes of glycocalyx properties

required to yield the observed electrophoretic mobilities and

differences of aggregation.

MATERIAL AND METHODS

RBC preparation

Blood was obtained from the antecubital vein of healthy adult laboratory

volunteers into heparin (5 IU/ml) and used within 4 h; the study was

approved by the University of Southern California Institutional Review

Board. Sodium chloride solutions having ionic strengths of 14.5 mM–145

mM were prepared using distilled water, with sorbitol added as appropriate

to maintain isotonicity (Seaman, 1975). All solutions contained 0.3 mM

sodium bicarbonate, with pH ¼ 7.4 and osmolality ¼ 295 6 5 mOsm/kg.

Portions of these solutions were then used to prepare media containing 3 g/dl

dextran 70 (70.3 kDa, Pharmacia Fine Chemicals, Piscataway, NJ).

Red blood cells were density fractionated according to the method

described by Murphy (1973). Whole blood was centrifuged at 2,0003 g for

10 min, the plasma removed and saved, and the buffy coat discarded. The

RBC were resuspended at;80% hematocrit in plasma, and then centrifuged

in a fixed-angle rotor at 36,000 3 g for 60 min at 308C. At the end of this

centrifugation, the top 10% of the packed cell column (termed young cells)

and the bottom 10% (termed old cells) were separately harvested and washed

twice in the appropriate medium. The cells were finally suspended at

;0.01% hematocrit for mobility studies or at 40 6 1% hematocrit for

aggregation measurements.

RBC electrophoretic mobility measurements

The electrophoretic mobility (EPM) in various media was measured at 256

0.28C using a cylindrical microelectrophoresis system (Model I, Rank

Brothers, Cambridge, UK). This system was modified to allow the use of: 1),

silver-silver chloride electrodes rather than solid platinum electrodes; and 2),

sintered glass discs between the electrolyte in the electrode chambers and the

RBC in the cylindrical sample chamber (Seaman, 1975). All RBC velocities

were determined at the stationary level within the cylindrical sample

chamber (i.e., at 0.239 R from the wall of the tube, where R is the tube radius

of 0.134 cm). Measurements were carried out at a field strength of 3.5 volts/

cm, with no evidence of electrical heating or related problems at this voltage;

for suspending media of\0.0725 M ionic strength, 0.1 M KCl rather than

1M KCl was used in the electrode chambers. Average EPM values were

determined for at least 10 RBC per aliquot for three aliquots of each RBC

suspension, with the field polarity reversed between each cell; the mean of

the three separate EPM values was used for the suspension under study. For

normal RBC in 0.145 M NaCl at pH ¼ 7.4, this system yields an EPM of

1.096 6 0.011 mm/sec/V/cm (mean 6 SD, 26 donors).

RBC aggregation measurements

The extent of RBC aggregation was measured via an automated transparent

cone-plate shearing instrument (Model MA-1 Aggregometer, Myrenne

GmbH, Roetgen, Germany). This technique is based upon the increase of

light transmission through a red blood cell suspension that occurs when

individual RBC aggregate into rouleaux or rouleaux complexes. For this

study, the Myrenne aggregometer was operated to provide the dimensionless

aggregation index ‘‘M.’’ This index is obtained by first shearing the RBC

suspension in the gap between the rotating cone and fixed plate at 500 s�1 to

disperse preexisting aggregates. The cone rotation is then abruptly stopped,

and the light transmission through the suspension at stasis is integrated for

10 s; the final integrated value is displayed as the ‘‘M’’ index. This index

increases with enhanced RBC aggregation and has been shown to correlate

well with other measures of RBC aggregation (Rampling and Whittingstall,

1986; Schmid-Schönbein, 1996).

Miscellaneous techniques

Solution osmolalities were determined with a freezing point osmometer

(Model 5004, Precision Systems, Natick, MA) and pH via a Radiometer

model PHM71 system operating at 258C (Radiometer A/S, Copenhagen,

Denmark). Suspension hematocrits were determined using the microhema-

tocrit method (12,0003 g, 4 min, IEC, Needham, MA). The viscosity of all

solutions was measured, at 258C, via a capillary viscometer (Viscometer II,

Coulter Electronics, Luton, UK).

THEORY

Cell-cell affinities

We have recently proposed a theoretical model to evaluate

depletion mediated RBC interactions in polymer solutions

(Neu and Meiselman, 2002). In this model, the cell-cell

interaction is given by the sum of attractive depletion inter-

action and repulsive electrostatic interaction; an overview of

this approach is given below.

Depletion interaction

If a surface is in contact with a polymer solution and the loss

of configurational entropy of the polymer is not balanced by

adsorption energy, a depletion layer develops near the

surface. Within this layer, the polymer concentration is lower

than in the bulk phase. Thus, as two RBC approach, the

difference of solvent chemical potential (i.e., the osmotic

pressure difference) between the intercellular polymer-poor

depletion zone and the bulk phase results in solvent dis-

placement into the bulk phase and hence depletion inter-

action. Due to this interaction, an attractive force develops

that tends to minimize the polymer-reduced space between

the cells and thus promotes aggregation (Fleer et al., 1993).

Examination of the energetics of depletion layers requires

distinguishing between so-called ‘‘hard’’ and ‘‘soft or hairy’’

surfaces. Hard surfaces are considered to be smooth and do

not allow polymer penetration into the surface, whereas soft

surfaces, such as the RBC glycocalyx, are characterized by

a layer of attached macromolecules that can be penetrated in

part or entirely by the free polymer in solution (Fleer et al.,

1993; Vincent et al., 1986). For two adjacent cells with soft

surfaces at a separation distance d, a glycocalyx thickness d,

a depletion layer thickness D, and a penetration p of the

polymers into the glycocalyx, the depletion interaction

energy wD is given by (Neu and Meiselman, 2002)
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wD ¼ �2P D� d

2
1 d� p

� �
(1)

for (d/2� d1 p)#D and is zero for (d/2� d1 p)[D. The

osmotic pressure term P is calculated using a virial equation

neglecting all coefficients higher than the second (B2):

P ¼ RT

M2

c
b

2 1B2ðcb2Þ
2
; (2)

where R, T, and M2 are the gas constant, absolute tempera-

ture, and the molecular weight of the polymer, and cb2 repre-
sents the bulk polymer concentration.

An approach introduced by Vincent (1990) is used to

calculate the dependence of the depletion layer thickness (D)

on the properties of the polymer:

D ¼ � 1

2

P

D
1

1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s
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The parameter D is a function of the bulk polymer concen-

tration ðcb2Þ:

D ¼ 2kBT

D
2

0

c
b

2Na

M2

� �2=3

; (4)

where kB and Na are the Boltzmann constant and Avogadro’s

number. D0 is the depletion thickness for vanishing poly-

mer concentration and is equal to 1.4 � Rg, where Rg is the

polymer’s radius of gyration (Vincent, 1990).

Intuitively, the penetration depth p of the free polymer into

the attached layer should depend on the polymer type, con-

centration and molecular size, and would be expected to be

larger for small molecules and to increase with increasing

polymer concentration due to increasing osmotic pressure.

One possibility is to calculate p by assuming that penetration

proceeds until the local osmotic pressure developed in the

attached layer is balanced by the osmotic pressure of the bulk

solution (Vincent et al., 1986). It is also possible to consider

that the attached polymers collapse under the osmotic pre-

ssure of the bulk polymer (Jones and Vincent, 1989). How-

ever, it is difficult to accurately apply such a model to RBC

in polymer or protein solutions since too little is known

about the physicochemical properties of the glycocalyx, and

in particular, about the interaction between the glycocalyx

and different polymers or proteins. An exponential approach

is thus used for describing polymer penetration into the

glycocalyx (Neu and Meiselman, 2002):

p ¼ d 1� e
�c

b
2=c

p
2

� �
; (5)

where cp2 is the penetration constant of the polymer (i.e.,

when cp2 equals cb2, p is 63% of d). In this approach, d is

assumed to be independent of bulk polymer concentration,

and therefore p is essentially a linear function of cb2 at low

concentrations (relative to cp2) and asymptotically approaches

d at high concentrations.

Electrostatic interaction

The electrostatic free energy of two cells can be calculated by

considering an isothermal charging process:

E ¼ 1

2

ðd

0

ðr

0

cðr; xÞdr dx; (6)

where c is the electrostatic potential between the cells as

a function of the charge density (r). To calculate the electro-

static interaction energy wE between two cells, one first cal-

culates the free energy of the two cells at a separation

distance d, then deducts the free energy of two single cells

(i.e., as d ! ‘). To calculate the electrostatic potential c for

RBC, it is necessary to solve the Poisson-Boltzmann equa-

tion. The linear approximation that is usually suitable for

moderate electric potentials is employed herein (Donath

et al., 1993). In this case the electrostatic potential between

two cells or for a single cell for d ! ‘ reads as follows

(Donath et al., 1993):

CðxÞ ¼ 1

keeo

coshðkxÞ
sinhðkdÞ

ðd

0

rðjÞcoshðkðd � jÞÞdj
�

�
ðx

0

rðjÞsinhðkðx � jÞÞdj
�
; (7)

where e, eo, and k are the relative and absolute permitivities

and the inverse of the Debye-Hückel length, respectively.

Considering the charges to be uniformly distributed within

the glycocalyx, the charge density (r) for x # d is:

rðxÞ ¼ s

d
; (8)

and for x[ d the charge density is equal to zero, where s

is the surface charge density (i.e., charge per surface area).

Finally, the total interaction energy (wT) is given by the

sum of the electrostatic interaction energy (wE) and the

depletion interaction energy (wD) (Neu and Meiselman,

2002).

Electrophoretic mobility

If a particle is assumed to be at rest, its electrophoretic

mobility is usually considered to be equal to the electroos-

motic slip velocity ue(‘) far from its surface. To obtain the

electroosmotic slip velocity, one has to solve the appropriate

Navier-Stokes equation with the impressed field E as the

driving force. However, it is more convenient to consider an

alternative approach: the problem of a pressure gradient-

driven streaming current along a flat surface. Both ap-

proaches are equivalent (Donath and Voigt, 1986), but the

latter allows separate calculations for the hydrodynamic and

electrostatic portions. In this case, the perpendicular velocity

profile u0(x) of a pressure gradient driven flow along a hairy

surface of thickness d, which has a constant friction factor a,
becomes (Donath et al., 1993):
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u0ðxÞ ¼

sinhðaxÞ
hsa coshðadÞ

x\d

x � d

hs

1
tanhðadÞ

hsa
x $ d

:

8>><
>>: (9)

Note that the bulk viscosity hs and the viscosity inside the

glycocalyx are assumed to be the same, that the physical

meaning of a is the inverse of the flow penetration depth, and

that a depends on the hydrodynamic friction and the visco-

sity (Donath et al., 1996; Levine et al., 1983).

The perpendicular profile up(x) of a pressure gradient-dri-
ven flow along a hairy surface with a polymer depletion layer

is (Donath et al., 1997):

upðxÞ ¼

sinhðapxÞ
hsa coshðapdÞ

x\dðx

d

1

hðjÞ dj1
tanhðapdÞ

hsap

x $ d

:

8>>><
>>>:

(10)

In this case it is necessary to consider the viscosity profile

h(x) and an increased value for the friction factor inside the

glycocalyx (ap) due to immobilized polymer. The effective

Stokes friction f of the immobilized polymer is characterized

by the volume density Nv and the hydrodynamic radius of the

dextran monomer segments, rseg (Levine et al., 1983):

f ¼ 6pNvhsrseg; (11)

where Nv is given by the segment molecular weight and the

polymer concentration within the glycocalyx (see Results),

and for dextran rseg is taken as 6.5 Å (Evans and Needham,

1988). Assuming that the intrinsic friction (a) and thickness

of the charged layer (i.e., glycocalyx) are not affected by the

presence of the immobilized polymer, ap of the charged layer
plus the immobilized polymer is given by (Neu et al., 2001):

a
2

p ¼ a
2
1

f

hs

: (12)

Thus, given an appropriate viscosity profile (i.e., concen-

tration profile) and the electrostatic potential (Eqs. 7 and 8), it

is possible to generate an expression for the ratio of the

mobility of particles in a polymer-free solution b0 and in

a solution containing polymer bp (Donath et al., 1993;

Donath and Voigt, 1986):

b0

bp

¼
Ð ‘

0
u0ðjÞCðjÞdjÐ ‘

0
upðjÞCðjÞdj

: (13)

RESULTS

Experimental results

Aggregation behavior of young and old RBC in 3 g/dl

dextran 70, as a function of suspending medium ionic

strength and hence as a function of Debye-Hückel length, is

shown in Fig. 1. Note that the Debye-Hückel length is

inversely related to ionic strength and thus increases with

decreasing strength; at an ionic strength of 145 mM, the

Debye-Hückel length is 0.79 nm. The figure clearly indicates

that aggregation of old cells is much greater than that of

young cells. At normal ionic strength (i.e., 145 mM), the old/

young ratio is 3.26 (i.e., 226% greater for old cells) and over

a Debye-Hückel length range of 0.79–1.13 nm, this ratio

remains essentially unaltered (mean 6 SD ¼ 3.16 6 0.09,

p\ 0.001). The ratio decreases slightly to 2.32 at 1.78 nm,

yet is still markedly greater than unity. At the lowest ionic

strength (2.5 nm), neither young nor old RBC exhibits

aggregation in 3 g/dl dextran 70.

Electrophoretic mobilities of young and old RBC, as

a function of ionic strength, are shown in Fig. 2 A for cells in

dextran-free media and in Fig. 2 B for cells in media con-

taining 3 g/dl dextran 70. For cells in polymer-free solutions

(Fig. 2 A), the effects of ionic strength on EPM behavior are

consistent with earlier reports (Bäumler et al., 1996): the

mean mobility at an ionic strength of 145 mM is 1.09 mm/

sec/v/cm and increases to 2.65 at 14.5 mM. Most notable in

Fig. 2 A is that the mean ratio of old/young EPM does not

differ significantly from unity over the entire range of Debye-

Hückel lengths (mean 6 SD ¼ 1.010 6 0.007, p[ 0.2).

In contrast to the findings presented in Fig. 2 A, age-
separated RBC in 3 g/dl dextran 70 do exhibit an old/young

EPM mobility ratio greater than unity: over the Debye-

Hückel lengths shown, the ratio is 1.042 6 0.012 (mean 6

SD, p\0.005) and is not a function of ionic strength. Thus,

old RBC in the dextran media have a significant, ;4%

greater EPM than young cells, whereas no such difference is

observed for these cells in dextran-free media. The EPM data

in Fig. 2, A and B, also indicate that the magnitude of the

EPM decrease for both young and old cells in the dextran

media is markedly less than predicted based upon measured

FIGURE 1 Experimental values of RBC aggregation versus Debye-

Hückel length for age-separated cells suspended in 3 g/dl solutions of 70.3

kDa dextran; all solutions were made isotonic by addition of sorbitol. Over

the range of 0.79–1.78 nm, the old/young aggregation ratio was 2.956 0.43

(mean 6 SD, p\ 0.001).
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bulk phase viscosities. For example, at an ionic strength of

145 mM, the viscosity of the dextran medium is 93% greater

than the dextran-free medium (1.70 vs. 0.88 mPa � s), yet the
decrease of EPM is only 19% (old cells) to 22% (young

cells).

These viscosity-related EPM results strongly imply poly-

mer depletion near the RBC surface and hence reduced local

viscosities near the cell. For Debye-Hückel lengths less than

the depletion layer, this local viscosity rather than bulk vis-

cosity is a determinant of cell mobility (Bäumler et al.,

1996). Fig. 2 C presents a graphical confirmation of this

depletion effect (i.e., media viscosity ratio with and without

dextran is 1.95 yet cell mobility ratios are much less at all

Debye-Hückel lengths). Note also that the extrapolated

mobility ratio intercept is greater for the old cells, thus

indicating a lower effective viscosity near the surface of

these cells (Eq. 11).

Theoretical results

Initial considerations

Given the more than threefold greater aggregation for older

cells (Fig. 1) yet the very modest but significant increase of

EPM for these cells in the dextran media (Fig. 2 B), it is
important to resolve the following question: are the differ-

ences in polymer depletion suggested by Fig. 2 sufficient to

explain differences in cell-cell affinity and thus the differ-

ences in young versus old RBC aggregation? It is notable

that the equal mobilities of age-separated cells in polymer-

free media (Fig. 2 A) do not necessarily imply that they have

the same surface charge density, since cellular EPM is

determined by surface charge density, glycocalyx thickness,

and hydrodynamic friction (Donath and Voigt, 1986). Thus,

for example, it is possible that changes of surface charge

density are accompanied by differences in glycocalyx

thickness leading to little or no changes of mobility (see

below).

The greater EPM in dextran media for old RBC (Fig. 2 B),
and hence the larger depletion effect for these cells, suggests

two possible causes related to either differences of glyco-

calyx thickness or to differences of glycocalyx penetration

by the polymer (Fig. 3). One possibility might be that the

glycocalyx thickness of old cells (do) is thinner compared to

the thickness of young cells (dy). This decrease of thickness

would move the shear plane closer to the cell surface leading

to a reduced viscosity outside the glycocalyx and a reduced

hydrodynamic friction within the glycocalyx, and thus

a higher mobility. Another possibility might be decreased

polymer penetration for old cells (po) compared to young

cells (py), perhaps due to altered glycocalyx density or

FIGURE 2 Experimental values of RBC electrophoretic mobility (EPM)

versus Debye-Hückel length for age-separated cells in isotonic media; all

solutions were made isotonic by addition of sorbitol. No significant

differences were found for cells in dextran-free media (panel A). However,
old RBC had a higher EPM in 3 g/l solutions of 70.3 kDa dextran (panel B);

mean old/young ratio over the Debye-Hückel lengths shown was 1.042 6

0.012 (mean 6 SD, p \ 0.005). Ratios of EPM for cells in dextran-free

media (bo) divided by cells in dextran (bp) in panel C indicate greater

polymer depletion near surface of old RBC (see text).
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polymer-glycocalyx affinity. Again, this would lead to a

reduced viscosity outside the glycocalyx and a reduced hy-

drodynamic friction within the glycocalyx, and thus higher

mobilities of the older cells in polymer solutions.

Glycocalyx thickness effects

Considering first cells in polymer-free media, the calculated

effects of variations of glycocalyx thickness (d) on surface

charge density (s) are shown in the upper portion of Table 1

for RBC at an ionic strength of 145 mM. These calculated

values are constrained by the requirement that the resulting

EPM values in polymer-free medium remain unaltered; as-

sumed values for an average red blood cell are a glycocalyx

thickness of 5 nm, a surface charge density of 0.036 C/m2,

and a friction factor a of 1.09 nm�1 (Bäumler et al., 1996;

Donath et al., 1996). In this case of unaltered electrophoretic

mobility, glycocalyx thickness and computed surface charge

density have parallel and nearly identical changes (e.g., for

a 20% decrease of d from 5 to 4 nm, s decreases by 19%).

Fig. 4 (upper curve) presents the effects of ionic strength on

EPM as a function of glycocalyx thickness: for cells in

polymer-free media, EPM shows the expected increase with

Debye-Hückel length (Fig. 2 A) but is insensitive to changes

of glycocalyx thickness.

The calculated surface charge density values in Table 1

now allow evaluation of expected RBC mobilities in solu-

tions containing 3 g/dl dextran. Since the polymer concen-

tration is relatively high, it is possible to assume complete

penetration with p ¼ d (Neu and Meiselman, 2002). Further,

the concentration profile of a nonadsorbing polymer is ap-

proximated by (de Gennes, 1979):

c2ðxÞ ¼ c
b

2 tanh
2 x

D

� �
; (14)

where cb2 is the bulk polymer concentration and D is given by

Eq. 3. At each glycocalyx thickness, it is assumed that the

resulting value of polymer concentration at the glycocalyx

edge remains constant throughout the glycocalyx, and thus

the thickness of the glycocalyx determines the polymer con-

centration within the glycocalyx.

The Huggins expression was used for estimating solution

viscosity (h) based upon polymer concentration (Flory,

1953):

h ¼ h0ð11 ½h�c2 1 k9½h�2c22Þ; (15)

where h0 is the viscosity of the solvent, which varies with

ionic strength due to the changing sorbitol content (i.e., 0.88

mPa�s for 145 mM and 0.97 mPa�s for 14.5 mM); [h] is the

intrinsic viscosity of the 70.3 kDa dextran ([h] ¼ 0.23 dl/g);

and k9 a polymer dependent constant (k9 ¼ 0.48).

Fig. 4 (lower curves) presents calculated absolute values

of RBC mobility as a function of glycocalyx thickness for

cells in 3 g/dl dextran, and Fig. 5 shows these calculated

mobility values relative to those for cells having a 5 nm thick

glycocalyx. These results indicate the reciprocal relationship

TABLE 1 Calculated effects of glycocalyx thickness on RBC

charge and cell-cell affinity

d (nm) 4.0 4.5 5.0 5.5 6.0

s (C/m2) 0.029 0.033 0.036 0.040 0.043

w3% (mJ/m2) �8.9 �6.3 �3.8 �1.2 –

wmax (mJ/m
2) �9.7 �6.6 �4.6 �3.2 �2.4

Calculated s values are for cells in polymer-free PBS, w3% are for cells in 3

g/dl dextran 70 kDa, and wmax are the maximum cell-cell affinities for cells

in 70 kDa dextran (Fig. 7). All values are for RBC in 145 mM ionic

strength media using a glycocalyx friction factor a ¼ 1.09 nm�1.

FIGURE 4 Calculated effects of 620% variations of cell glycocalyx

thickness on RBC electrophoretic mobility (EPM), as a function of Debye-

Hückel length, for cells in dextran-free media (upper curve marked PBS) and

in 3 g/dl solutions of 70.3 kDa dextran (lower curves). No effects on EPM

were noted for the dextran-free media whereas620% thickness changes for

cells in dextran result in reciprocal 67% changes of EPM.

FIGURE 3 Schematic representation of two possible causes for a greater

polymer depletion effect for old RBC: a) Thinner glycocalyx for old cells, in

which the polymer concentration profile (solid curved line) is the same for

both young and old cells but the glycocalyx thickness for old cells (do) is less

than for young cells (dy); b) Decreased polymer penetration of the glycocalyx,

in which the penetration for old cells (po) is less than for young cells (py), and

thus the polymer concentration profiles differ (young, solid curved line; old,

dashed curved line). Both causes yield a reduced viscosity in the Debye

atmosphere and thus a higher electrophoretic mobility for old RBC.
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between glycocalyx thickness and RBC mobility: 10% and

20% increases of thickness reduce the EPM by ;3% and

7%, respectively, whereas the same decreases of thickness

raise EPM values by;3% and 7%. Thus a 10–20% decrease

of old cell glycocalyx thickness is consistent with the 4.2%

greater EPM for these cells (Fig. 2 B).
Finally, it is possible to use the glycocalyx thickness and

calculated surface charge density shown in Table 1 to predict

expected cell-cell affinity (wT) for cells in dextran-containing

media. Two situations were considered: 1), effects of ionic

strength and glycocalyx thickness with complete penetration

of the glycocalyx (i.e., p ¼ d) at a constant dextran concen-

tration of 3 g/dl (Fig. 6); and 2), effects of dextran concentra-

tion and glycocalyx thickness with a penetration constant

ðcp2Þ of 0.7 g/dl (Neu and Meiselman, 2002) and a constant

ionic strength of 145 mM (Fig. 7). Both Figs. 6 and 7 lead to

the same observation: slight changes of glycocalyx thickness

lead to multifold changes of cell-cell affinity, yet these

changes of thickness are associated with only minor changes

of cell mobility. Specifically, at 3 g/dl dextran as employed

herein and at 145 mM ionic strength, a 10% decrease of

thickness (i.e., 5–4.5 nm) results in a 60% increase of cell-

cell affinity but only an ;3% increase of RBC mobility

(Figs. 5–7).

Glycocalyx penetration effects

An alternative approach is to evaluate the possibility of

changes in polymer penetration of the glycocalyx with an

unaltered glycocalyx thickness. Calculated results for the

effects of decreased polymer penetration (not shown) lead to

essentially the same results as those observed for decreased

glycocalyx thickness (Figs. 6 and 7). For example, for RBC

with a 5 nm thick glycocalyx in 3 g/dl dextran 70 kDa at 145

mM ionic strength, a 20% decrease of polymer penetration

(i.e., from 5 to 4 nm) yields about the same increases of

mobility and surface affinity as calculated above for com-

plete penetration and a 5–4 nm decrease in glycocalyx

thickness. Thus, relatively modest decreases of glycocalyx

thickness or of polymer penetration yield EPM and cell-cell

affinity changes that are appropriate for old red blood cells.

DISCUSSION

Although the general phenomenon of red blood cell

aggregation has been studied for decades (Chien, 1975;

FIGURE 6 Calculated effects of variations of glycocalyx thickness on

cell-cell affinity (wT), as a function of Debye-Hückel length, for cells in

3 g/dl solutions of 70.3 kDa dextran. Complete polymer penetration of the

glycocalyx (i.e., p ¼ d) was assumed.

FIGURE 7 Calculated effects of620% variations of glycocalyx thickness

on cell-cell affinity (wT) for cells in media containing various concentrations

of 70.3 kDa dextran. Media ionic strength was held constant at 145 mM and

a penetration constant ðcp2Þ of 0.7 g/dl was assumed.

FIGURE 5 Calculated effects of 620% variations of cell glycocalyx

thickness on electrophoretic mobility (EPM), as a function of Debye-Hückel

length, for cells in 3 g/dl solutions of 70.3 kDa dextran. EPM data are shown

relative to EPMvalues for a glycocalyx thickness of 5 nm (i.e., b(d)/b(5 nm)),

and thus the mobility ratio is 1.0 for an unaltered 5 nm thick glycocalyx.
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Lowe, 1988; Schmid-Schönbein, 1996), the effects of RBC

cellular factors on RBC ‘‘aggregability’’ (i.e., the aggrega-

tion tendency of red blood cells when resuspended in

a defined macromolecular solution) have only more recently

received attention. Abnormalities of various mechanical

characteristics, such as membrane rigidity, membrane visco-

sity, and cytoplasmic viscosity, have been demonstrated to

reduce the rate and extent of aggregation (Meiselman, 1993;

Nash et al., 1987; Sowemimo-Coker et al., 1989). Marked

changes of RBC shape from the normal biconcave form, as

well as decreased cellular deformability, also lead to

decreased aggregation (Meiselman, 1993). Although it is

possible to postulate causal relations between altered cell

mechanical behavior and altered tendency to aggregate,

mechanisms responsible for age-specific effects in red blood

cell aggregation have remained obscure.

The results of this study provide insight into mechanisms

responsible for the greatly enhanced aggregation tendency of

denser, older human erythrocytes. Based upon established

particle electrophoretic theory (Donath et al., 1996; Levine

et al., 1983) and a recently developed depletion model for

polymer-induced RBC aggregation (Neu and Meiselman,

2002), we have focused on the effects of small changes of

polymer depletion on RBC mobility and RBC-RBC affinity.

The calculated results for glycocalyx thickness are consistent

with our experimental findings: 1), equal mobilities for

young and old cells in polymer-free media (Figs. 2 A and 4);

2), small decreases of thickness yield slightly greater

mobilities for cells suspended in media containing 3 g/dl

dextran (Figs. 2 B, 4, and 5); and 3), the same small decreases

of thickness result in markedly increased cell-cell affinity for

cells in the 3 g/dl dextran media (Figs. 6 and 7). Similar

computed results (i.e., greater mobility and cell-cell affinity

in dextran) occur by assuming constant surface charge

density and constant glycocalyx thickness, then decreasing

the penetration depth. Since the goal of this study was to

calculate surface affinities consistent with EPM data, such an

observation does not vitiate our findings: differences of

depletion layer thickness were of interest rather than a single

mechanism responsible for such differences.

The increase of cell-cell affinity cited above is of critical

importance, since increased cell-cell affinity results in

increased RBC aggregation (Buxbaum et al., 1982; Chien,

1975; Neu and Meiselman, 2002). Using the same Myrenne

aggregometer system as employed herein, Nash and co-

workers (Nash et al., 1987) have presented aggregation-

polymer concentration data for unfractionated human RBC

suspended in 145 mM solutions of 70 kDa dextran. Their

results indicate an ;2.4-fold increase of aggregation as the

polymer concentration is increased from 1.5 to 3.0 g/dl. For

the same molecular weight dextran and the same concentra-

tion increase, Buxbaum et al. (1982) indicate an ;70%

increase of RBC-RBC affinity. Our calculated results also

indicate an ;70% increase of RBC-RBC affinity as the

glycocalyx thickness is decreased from 5 to 4.5 nm (Fig. 7, 3

g/dl). Thus our computed findings appear to be in qualitative

and quantitative agreement with observed aggregation

differences between young and old cells. Small increases

in polymer depletion, which might be due to small decreases

of glycocalyx thickness or of polymer penetration or both

during in vivo aging, could therefore easily explain the

greatly enhanced aggregation tendency of older red blood

cells (Figs. 1, 6, and 7).

With regard to the agreement between the computed

results from our model and experimental findings, some

additional comments seem appropriate:

1. For all ionic strengths where RBC aggregation was

observed (Fig. 1), the Debye-Hückel length is always

smaller than the 4–6 nm range of glycocalyx thickness

used for computing EPM and cell-cell affinity. Thus,

with a constant charge density r, a decrease of

glycocalyx thickness as suggested as a possibility for

old RBC only slightly alters the electrostatic potential

between adjacent RBC and thus minimally affects

electrostatic repulsive forces. The calculated increase in

cell-cell affinity is therefore almost exclusively due to

increased depletion-mediated forces resulting from the

decreased glycocalyx thickness (Figs. 3 and 6).

2. Numerous structural changes of the RBC glycocalyx are

known to occur during in vivo aging (Bratosin et al.,

1998; Clark, 1988), and several studies have addressed

negative surface charge versus cell age. The main source

of RBC negative surface is the carboxyl group of

membrane-bound N-acetylneuramic acid (Seaman,

1975). Even though most reports favor age-dependent

desialylation, some link the loss of sialic acid to loss of

membrane surface area, thereby implying no change in

sialic acid content per surface area (Luner et al., 1977;

Lutz and Fehr, 1979; Seaman et al., 1977). However, in

addition to confirming the decrease of sialic acid for older

cells, Bratosin and co-workers (Bratosin et al., 1998)

indicate that the decrease is due to enzymatic activity as

well as to reduced surface area. Consequently, because of

this enzymatic process, loss of charges per membrane

surface area seems probable. Since EPM in polymer-free

media is the same for young and old cells (Fig. 2 A), and
since equal EPM in polymer-free media indicates equal

charge density r, our assumption of a thinner glycocalyx

yielding an unaltered charge density for old RBC seems

reasonable.

Finally, it is of interest to consider whether age-associated

changes of RBC surface affinity plays a role in the recog-

nition and eventual elimination of senescent cells from the

circulation. Most reports favor an age-dependent expression

of an antigenic site that is recognized by macrophages within

the reticuloendothelial system and which leads to macro-

phage engulfment and destruction of senescent RBC

(Beutler et al., 1995; Clark, 1988; Tartakover-Matalon

et al., 2000). Additionally, older, more-dense erythrocytes
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have been shown to have increased membrane viscosity and

hence a longer time constant for viscoelastic shape change

(Nash and Meiselman, 1983); such altered rheologic beha-

vior could lead to slower deformation and thus longer resi-

dence times within macrophage-lined regions of splenic,

hepatic, and bone marrow sinusoids. However, recognition

as well as eventual entrapment of effete RBC by macro-

phages requires close proximity between erythrocyte and

macrophage membranes (Beutler et al., 1995), and thus

depletion-mediated forces could aid in achieving the re-

quired cell-cell separation. Although such forces would be

expected to promote receptor-ligand mediated interactions

via bringing these molecular species into appropriate prox-

imity, the specific effects of such forces and of the relative

dimensions of the receptors, the depletion layer and the gly-

cocalyx are currently unknown and thus warrant additional

research activity.
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